Abstract Vorinostat is a member of histone deacetylase inhibitors, which represents a new class of anticancer agents for the treatment of solid and hematological malignancies. Studies have shown that these drugs induce DNA damage in blood lymphocytes, which is proposed to be due to the generation of oxidative lesions. The increase in DNA damage is sometimes associated with risk of developing secondary cancer. Thus, finding a treatment that limits DNA damage caused by anticancer drugs would be beneficial. Tempol is a potent antioxidant that was shown to prevent DNA damage induced by radiation. In this study, we aimed to investigate the harmful effects of vorinostat on DNA damage, and the possible protective effects of tempol against this damage. For that, the spontaneous frequency of sister chromatid exchanges (SCEs), chromosomal aberrations (CAs), and 8-hydroxy-2-deoxy guanosine (8-OHdG) levels were measured in cultured human lymphocytes treated with vorinostat and/or tempol. The results showed that vorinostat significantly increases the frequency of SCEs, CAs and 8-OHdG levels in human lymphocytes as compared to control. These increases were normalized by the treatment of cells with tempol. In conclusion, vorinostat is genotoxic to lymphocytes, and this toxicity is reduced by tempol. Such results could set the stage for future studies investigating the possible usefulness of antioxidants co-treatment in preventing the genotoxicity of vorinostat when used as anticancer in human.
Introduction
Vorinostat (suberoylanilide hydroxamic acid) is a hydroxamic acid derivative that inhibits both class I and II histone deacetylases (Richon 2010) . It has been approved in the United States for the treatment of patients with relapsed and refractory cutaneous T cell lymphoma that has progressive, persistent or recurrent disease on or following two systemic therapies (Prebet and Vey 2011; Mann et al. 2007; Siegel et al. 2009 ).
The mechanism for the antiproliferative effect of vorinostat is believed to be the result of inhibition of histone deacetylase activity, resulting in the accumulation of acetylated proteins, including histones (Richon 2010; Marks et al. 2004) . In addition, studies have shown that vorinostat induces DNA damage, which is proposed to be due to the generation of oxidative lesions (Namdar et al. 2010; Petruccelli et al. 2011; Lee et al. 2010) . The increase in DNA damage caused by several anticancer drugs has been shown to increase the risk of developing secondary cancer (Madeya 1996; Ezoe 2012) . Thus, finding a treatment that limits DNA damage cuased by anticancer drugs would be beneficial. Interestingly, the response to vorinostat could be improved by combining it with antioxidants such as vitamin E for the treatment of oxidatively stressed human malignancies that are otherwise resistant to vorinostat (Basu et al. 2011) . In this study, we hypothesize that treatment with antioxidants may modulate the genotoxicity of vorinostat.
Tempol (4-hydroxy-2, 2, 6, 6-tetramethylpiperidine-1-oxyl) is a member of a family of nitroxide compounds that has been extensively studied for its effects on hypertension and endothelial function, in animal models of increased ROS generation (Wilcox 2010; Carroll et al. 2000) . Tempol has been shown to preserve mitochondria against oxidative damage and improve tissue oxygenation (Wilcox 2010) . It protects normal cells from radiation while maintaining radiation sensitivity of tumor cells. The paradoxical pro-oxidant action of tempol has accounted for a reduction in spontaneous tumor formation in tumor cells (Wilcox 2010) . Tempol has been effective in preventing several of the adverse consequences of oxidative stress and inflammation that underlie radiation damage (Mitchell et al. 2012) , and aging (Fleenor et al. 2012) . Few studies investigated the protective effect of tempol on substances-induced genotoxicity in human lymphocytes. An in vitro study found a significant ability of Tempol to diminish the genotoxic effects of cadmium and chromium, which depends, at least in part, on formation of reactive oxygen species (Lewinska et al. 2008) . Another in vitro study showed that tempol protects human lymphocytes against genotoxicity induced by gamma-radiation (Ramachandran and Nair 2012 ). In the current study, we investigated the potential genotoxic and oxidative DNA damaging effect of vorinostat and the possible protective effect of tempol against these damages. This is achieved by examining the SCEs, CAs and 8-OHdG in human blood lymphocytes. Results of this study could provide the base for further clinical studies on tempol, or similar antioxidants, as potential protective agents against genotoxicity associated with vorinostat.
Materials and methods

Subjects
Whole blood samples were obtained from 4 donors under sterile conditions. The donors were healthy males with age range of 23-30 years. Subjects who were using alcohol, drugs, vitamins, tobacco smokers and those who had cancer and hereditary diseases were excluded from the study. Informed consent was obtained from each volunteer according to the Jordan University of Science and Technology-Institutional Review Board (JUST-IRB). Whole blood cultures were prepared within 1 h of sampling.
Lymphocytes culture and drug treatment
Blood cultures were set up by inoculating 1 ml of freshly withdrawn blood into 75 ml tissue-culture flask containing 9 ml of PB-Max medium (GibcoInvitrogen, Paisley, UK; complete medium that is composed of RPMI 1640 medium with 15 % fetal bovine serum, 1 % penicillin-streptomycin and 3 % of phytohaemagglutinin) in order to stimulate lymphocyte culture (M'Bemba-Meka et al. 2007) .
Vorinostat (ABO Swiss Co., Ltd., Fujian, China) was weighed as aliquot to be used fresh each time in culture, the aliquot was dissolved in DMSO to make a stock of 50 mM. The final concentration in culture medium was 10 lM. Tempol (Sigma-Aldrich, St. Louis, MO, USA) was prepared in a similar way to that of vorinostat and was used in a final concentration of 10 lM. Tempol was added at the time of culture, while vorinostat was added 16 h prior to harvesting (Petruccelli et al. 2011; Lee et al. 2010) . To evaluate the effect of vorinostat on DNA and how this effect is modulated by tempol, four groups were used: control non-treated (Control), tempol-treated (Temp), vorinostat-treated (Vori), and tempol and vorinostat treated (Temp ? Vori) groups. Two hours prior to cell harvesting, cultures were treated with 100 ll of 10 lg/ml colcemid (Gibco-Invitrogen, Paisley, UK), a spindle inhibitor to increase the mitotic index.
Harvesting and metaphases slides preparation
The cells of each blood culture were transferred to a 15 ml polypropylene screw-capped tube and centrifuged at 1,0009g for 5 min. The pellet was resuspended in pre-warmed hypotonic solution (0.56 % KCl) and incubated for 30 min at 37°C. The swollen lymphocytes were collected by centrifugation at 1,0009g for 5 min, fixed by drop-wise addition of freshly prepared fixative [absolute methanol: acetic acid glacial 3:1 (v:v)] and incubated at room temperature for 30 min. Cells were centrifuged at 1,0009g for 5 min, washed three times with the same fixative. Finally, cells were resuspended in a small amount (approximately 2 ml) of the fixative. The cellular suspension was then dropped on pre-chilled microscope slides to obtain metaphase spreads. The slides were allowed to air dry to be ready for staining with black Giemsa (Sigma-Aldrich, St. Louis, MO, USA) for chromosomal aberration test and with florescence-plus Giemsa (Sigma-Aldrich, St. Louis, MO, USA) for sister chromatid exchange test (M'Bemba-Meka et al. 2007 ).
Sister chromatid exchange assay Bromodeoxyuridine (10 lg/ml final concentration; BrdU, Sigma-Aldrich, St. Louis, MO, USA), was added to the culture media prior to incubation and throughout the experiment. All cultures were maintained in total darkness to minimize photolysis of BrdU at 37°C for 72 h. The culture initiation and slides preparation were as described above. Air dried slides were differentially stained by 10 lg/ml Hoechst 33342 dye solution (Sigma-Aldrich, St. Louis, MO, USA) for 20 min, followed by rinsing in water and mounting in McIlvaine buffer (pH 8.0). The slides were then irradiated with UV lamp (350 mm) using two (15 W tubes) lamps at a distance of 7 cm for 35 min at 50°C. Slides were then rinsed with distilled water, restained for 6-8 min with 5 % Giemsa stain in phosphate buffer (pH 7.4), and then air dried (Azab et al. 2009; Khabour et al. 2013 ).
Chromosomal aberration assay
Air dried slides prepared from cultures without BrdU were stained with 5 % Giemsa stain. Structural and numerical CAs were evaluated in 100 well-spread metaphases per donor (400 metaphases total). CAs were divided into gaps (including both chromatid and chromosomal gaps), breaks (including both chromatid breaks and chromosomal breaks) and exchanges.
Cell kinetics analysis
The mitotic index (MI) values reflect the degree of cytotoxicity of the drugs used. The MI was calculated by analyzing at least 1,000 cells from each donor and scoring the cells that were in metaphase as described by Alsatari et al. (2012) . For the cell proliferation index, 100 metaphase cells from each donor were scored. The proliferation index was calculated using the following formula = (1 9 [M1] ? 2 9 [M2] ? 3 9 [CM3])/ 100, where M1, M2 and M3 are the number of cells at the first, second and third metaphase, respectively (Khabour et al. 2011; Ivett and Tice 1982) . Depending on the proliferation index, the average generation time was calculated as the number of hours for the cells in BrdU, divided by proliferation index (Kaya and Topaktas 2007) .
8-Hydroxy-2-deoxy guanosine (8-OHdG) assay
The 8-OHdG assay was performed as previously described (Al-Sweedan et al. 2012; Alzoubi et al. 2012) . In brief, blood cultures were set up by inoculating 0.5 ml of freshly withdrawn blood, into 50 ml culture flasks containing 4.5 ml of PB-Max medium. Then, the cultures were incubated for 72 h at 37°C and treated with drugs as described above. Competitive ELISA assays for 8-OH-dG were performed according to the manufactures protocol (8-hydroxy 2 deoxyguanosine ELISA Kit; Abcam, Cambridge, UK). Samples were assayed in duplicates using 100 ll of supernatant of each. ELISA plate was read at 405 nm using an automated reader (ELx800, Bio-tek instruments, Highland Park, Winooski, USA). Levels of 8-OH-dG were calculated from the blotted standard curve.
Statistical analysis
Statistical analysis was performed using Graphpad Prism Statistical Software (version 5, La Jolla, CA, USA). Data were expressed as mean ± standard error (SE). The comparison of parameters was performed with Newman-Keuls Multiple Comparison Test.
Differences were regarded as significant at P \ 0.05 (by using ANOVA test). All experiments were done once and in duplicates. Chi square test was performed using SPSS version 17.
Results and discussion
The results show that vorinostat (10 lM) induced significant aberrations in whole blood lymphocytes and that tempol (10 lM) significantly reduced the number of vorinostat induced aberrations ( Table 1) . Treatment of cultures with tempol alone did not affect spontaneous levels of CAs in the control group (Table 1) . When gaps were included in the analysis, similar data, to that of ''CAs without gaps'', were obtained ( Table 1) .
Results of chromosomal aberrations were confirmed by SCEs assay. The SCEs frequencies were increased in vorinostat treated human lymphocytes compared to other groups (P \ 0.01, Fig. 1 ). When treated with tempol, cells were protected from the genotoxic effect of vorinostat (P \ 0.05). These results indicate that vorinostat induced significant SCEs in normal blood cells. Tempol, on the other hand, significantly reduced the SCEs frequency. In addition, treatment of cultures with tempol alone did not affect the spontaneous frequency of SCEs in lymphocytes (P [ 0.05). Figure 2 shows the level of 8-OHdG in the different groups. Levels of 8-OHdG in vorinostat treated cultures was higher than in the control (P \ 0.05). Tempol, on the other hand, prevented vorinostat induced increase in 8-OHdG level. Tempol alone did not affect basal levels of 8-OHdG (P [ 0.05). Thus, similar to CAs and SCEs data, tempol normalized oxidative DNA damage induced by vorinostat without affecting spontaneous damage levels in the control.
Mitotic and proliferative indices reflect the degree of cytotoxicity of chemical and physical agents. Both, the mitotic and the proliferative indices, were not affected by either vorinostat and/or tempol (Table 2 , P [ 0.05).
Thus, the major finding in this study is that tempol might prevent vorinostat induced DNA damage as indicated by the SCEs and CAs assays. This protective effect of tempol was associated with normalization of Table 1 Frequencies of CAs in control, tempol, vorinostat, and a combination of tempol and vorinostat groups. Vorinostat (10 lM) treatment increased the number of CAs (gaps, breaks, and interchanges), which was prevented by pre-treatment with tempol (10 lM) Fig. 1 The average of SCEs/cell in control, tempol, vorinostat, and a combination of tempol and vorinostat groups. In the tempol group, tempol (10 lM) was added at zero time for the whole incubation period (72 h). In the vorinostat group, vorinostat (10 lM) was added to the medium 16 h before harvesting. For the last group, a combination of tempol and vorinostat group, tempol was added to the medium at the onset of the culture and vorinostat was added to the medium 16 h before harvesting. Significant differences were detected among groups (control vs. Vori: P \ 0.001, Temp vs. Vori: P \ 0.001 and Temp and Vori vs. Vori: P \ 0.01). These results indicated that vorinostat significantly increased the SCEs frequency in healthy blood lymphocytes and tempol significantly reduced the SCEs frequency (P \ 0.01)
vorinostat-induced oxidative DNA damage biomarker 8-OHdG. Results of this study showed that vorinostat, the histone deacetylase inhibitor, is genotoxic to human lymphocytes, as indicated by the increased frequencies of SCEs and CAs in vorinostat-treated cells. This is consistent with previous studies showing that vorinostat induces oxidative DNA damage through the course of its action (Namdar et al. 2010; Petruccelli et al. 2011; Lee et al. 2010) , though it was shown to be more effective on cells with lower oxidative stress status or cells pre-treated with an antioxidant (Basu et al. 2011) .
Tempol was shown to significantly reduce the effect of vorinostat-induced increase in CAs and SCEs, indicating the ability of tempol to lower DNA damage induced by vorinostat. The SCEs and CAs are sensitive indicators of genotoxicity. They are widely used especially in genotoxicity assessment in human subjects (Kao-Shan et al. 1987) . It is generally thought that, the induction of chromosomal aberrations, along with an increase in SCE, indicate higher levels of genomic instability, which could ultimately lead to increase cancer risk (Oh et al. 2007 ). Few studies investigated the effect of tempol on substances induced cyto-and geno-toxicity in human lymphocytes in vitro. One study found a significant ability of tempol to diminish genotoxic effects of cadmium and chromium, which depends, at least in part, on prevention of formation of reactive oxygen species (Lewinska et al. 2008) . Another study showed that tempol prevents radiation induced genotoxicity (Ramachandran and Nair 2012). Thus, our results and those of others (Lewinska et al. 2008; Ramachandran and Nair 2012) suggest the potential use of tempol as antigentoxic agent.
The antioxidant activity of tempol is well documented (Wilcox 2010) , and given the strong connection between DNA damage and oxidative stress level of the cell (Vera-Ramirez et al. 2012; Murata et al. 2012) , oxidative DNA damage represents an obvious possible mechanism for the protective effect of tempol against genotoxicity. In accordance with that, results of the current study show that vorinostat increases the levels of 8-OHdG, a known marker of oxidative DNA damage. This increase in 8-OHdG was normalized by treatment of cultured lymphocytes with tempol. Thus, it is likely that tempol protects against vorinostat induced genotoxicity through its normalization of oxidative DNA damage. A recent study reported that tempol increases the rate of DNA repair as indicated by elevated DNA repair index in cells exposed to tempol, immediately after exposure to gamma-radiation that was shown to induce genotoxicity in the absence of tempol (Ramachandran and Nair 2012 ). This could represent another possible mechanism for protective effect of tempol against vorinostat genotoxicity. Future work could examine this point.
It is worth mentioning that the response to vorinostat could be improved by combining it with other antioxidants such as vitamin E for the treatment of oxidatively stressed human malignancies that are otherwise resistant to vorinostat (Basu et al. 2011 ). Similar to vitamin E, tempol is approved medication Fig. 2 Levels of 8-OHdG in control, tempol, vorinostat, and a combination of tempol and vorinostat groups. Vorinostat (10 lM) significantly increased the levels of 8-OHdG. Tempol (10 lM), on the other hand, prevented this increase. Value are Mean ± SE. * indicates significant difference (P \ 0.05) with strong antioxidant effect. Thus, tempol protects against genotoxicity of vorinostat and at the same time it may enhance vorinostat activity against malignant cells. This requires further investigation, which might be a subject of future studies. In this study, we examined the potential protective effect of tempol on genotoxicity of vorinostat in whole blood lymphocytes using SCEs and CAs assays. SCEs and CAs are sensitive indicators of genotoxicity. They are widely used especially in genotoxicity assessment in human subjects (Kao-Shan et al. 1987) . It is generally thought that, the induction of chromosomal aberrations, along with an increase in SCE, indicate higher levels of genomic instability, which could ultimately lead to cancer (Oh et al. 2007 ). Confirmating the effect of tempol on the cells using other assays such as cytokinesis-block micronucleus (CBMN) assay to measure micronucleus (MN) formation, the nuclear division index (NDI) and the percentage of apoptotic and necrotic cells is recommended for future study.
Collectively, vorinostat is a genotoxic drug to whole blood lymphocytes. It also induces oxidative DNA damage. Tempol, on the other hand, has a protective effect against vorinostat-induced genotoxicity and oxidative DNA damage.
